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INTRODUCTION 

There i s  i n c r e a s i n g  i n t e r e s t  i n  t he  e f f e c t s  of gas  p re s su re  on t h e  
r e t o r t i n g  p r o p e r t i e s  of o i l  s h a l e s ,  both as  a means of i nc reas ing  t h e  o i l  y i e l d  
and as an  a i d  to developing a b e t t e r  understanding of t he  chemical processes  
involved i n  o i l  s h a l e  r e t o r t i n g .  I n  t h e  presence of hydrogen a t  p re s su res  up 
to 7 MPa. s i g n i f i c a n t  i n c r e a s e s  i n  o i l  y i e l d  have been r epor t ed  f o r  some 
s h a l e s ( l - 5 ) ,  and t h e  technique forma t h e  b a s i s  of t h e  HYTORT process  under 
development in  the  USA(6,7). Although t h e  small i n c r e a s e  i n  o i l  y i e l d  
observed(8)  when Green River  s h a l e  w a s  r e t o r t e d  under 2 . 7  MPa hydrogen w a s  
accompanied by a s l i g h t  i n c r e a s e  i n  t h e  a romat i c i ty (8 -10) .  the changes i n  t h e  
composition of t h e  o i l s  produced from s h a l e s ,  which under h ighe r  hydrogen 
p res su res  gave ve ry  much g r e a t e r  o i l  y i e l d s  (up t o  500%). have not  been 
r epor t ed .  

The present  work w s s  undertaken t o  i n v e s t i g a t e  t h e  e f f e c t s  of hydrogen and 
n i t rogen  p res su re  a t  6 MPa on t h e  y i e l d s  and composi t ion o f  t h e  o i l s  produced 
from t h r e e  A u s t r a l i a n  o i l  s h a l e s .  These included Rundle a s  r e p r e s e n t a t i v e  of 
t h e  T e r t i a r y  s h a l e s  of l a c u s t r i n e  o r i g i n  found i n  Queensland, and Nagoorin as 
t y p i c a l  of the  h i g h l y  aromatic  and o rgan ic  r i c h  s h a l e s  of mixed l a m o s i t e / l i g n i t e  
o r i g i n ( l 1 ) .  The e x t e n t  of t h e  M t  Coolon d e p o s i t .  l oca t ed  approximately 200 km 
west of t h e  c i t y  of Mackay i n  Queensland is a t  p re sen t  unknown. The s h a l e  was 
formed i n  t h e  e a r l y  Miocene, i s  unusual ly  r i c h  i n  p a r t s ,  and is probably b e s t  
regarded a s  an immature t o r b a n i t e ( l 2 ) .  

EXPERIMENTAL 

Samples of t h e  sha le s  were crushed and s i e v e d  to -2.8 +1.4 mm. Reto r t ing  
was c a r r i e d  out a t  v a r i o u s  p re s su res  i n  a f ixed  bed r e a c t o r  using a h e a t i n g  r a t e  
of 6'C/minute t o  550'C followed by a 30 minute  soak period. The gas  flow r a t e s  
were ad jus t ed  t o  g i v e  a cons t an t  r e s idence  t i m e  o f  30 seconds a t  a l l  p re s su res .  
This  r equ i r ed  very high gas  flow r a t e s  at t h e  h ighe r  ope ra t ing  p res su res .  The 
o i l s  (condensed st  -10.C) were analysed by gas  chromatography/mass spectrometry 
(GC/MS: JEOL DX300) and nuc lea r  magnetic resonance (NMR: JEOL GX400) 
techniques.  S o l u t i o n  13C s p e c t r a  were determined i n  the  presence of chromium 
r e l a x a t i o n  reagents  with an inve r se  gated decoupl ing and a recycle  time of f i v e  
seconds.  Proton s p e c t r a  were recorded with s r e c y c l e  t ime of 20 seconds.  

RESULTS AND DISCUSSION 

( a )  P rope r t i e s  of Sha le s  

Table 1 i l l u s t r a t e s  t h e  d i v e r s i t y  of t h e  s h a l e s  used i n  t h i s  s tudy  with 
r e spec t  to t h e i r  o rgan ic  carbon con ten t ,  a tomic H/C r a t i o ,  a r o m a t i c i t y  and 
r e t o r t i n g  p r o p e r t i e s .  Of p a r t i c u l a r  i n t e r e s t  a r e  t h e  ve ry  poor conversions 
oE organic  carbon i n  t h e  s h a l e  t o  o i l  ob ta ined  under normal ( F i s c h e r  Assay) 
r e t o r t i n g  for t h e  Mt Coolon and Nagoorin s h a l e s ,  i n d i c a t i n g  t h a t  for t hese  
sha le0  convent ional  r e t o r t i n g  procedures  a r e  not p a r t i c u l a r l y  e f f e c t i v e .  i 
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( b )  E f f e c t  of P res su re  on O i l  Yields  

For  a l l  t h r e e  s h a l e s .  i n c r e a s i n g  n i t r o g e n  p r e s s u r e  r e s u l t e d  i n  only minor 
decreases  i n  o i l  y i e l d s  ( F i g u r e  1 )  and o rgan ic  carbon conversions (F igu re  2) .  
Inc reas ing  hydrogen p r e s s u r e  had no e f f e c t  on t h e  o i l  y i e l d  from t h e  a l i p h a t i c  
Rundle s h a l e ,  a l t hough  a r educ t ion  i n  the  o rgan ic  carbon remaining i n  the  char  
was  observed,  presumably r e f l e c t i n g  t h e  conversion of the carbonaceous r e s idue  
to methane, as  has  been p rev ious ly  observed f o r  Green River s h a l e ( 8 ) .  

However, i n c r e a s e s  of 150 and 350% of F i s c h e r  Assay o i l  y i e l d s  were 
observed f o r  t h e  M t  Coolon and Nagoorin s h a l e s ,  equ iva len t  t o  oi l  y i e l d s  of 390 
and 290 L t-1 r e s p e c t i v e l y .  assuming an o i l  d e n s i t y  o f  0.9  g These l a r g e  
i nc reases  a r e  matched by corresponding dec reases  i n  t h e  organic  carbon remaining 
i n  the char  (F igu re  2 )  which, i n  the  c a s e  o f  Nagoorin decreased from 58 t o  24% 
a t  6 HPa hydrogen. Increased hydrogen p r e s s u r e  r e s u l t e d  i n  on ly  small changes 
i n  the conversion of o rgan ic  carbon t o  gaseous products .  

As shown i n  F i g u r e  3, t h e  o i l  y i e l d s  determined fo r  t h r e e  A u s t r a l i a n ( l 3 )  
aromatic s h a l e s  r e t o r t e d  i n  6 MPa hydrogen compared favourably with similar 
r e s u l t s ( 3 )  fo r  a v a r i e t y  of o t h e r  s h a l e s .  Data on t h e  importance of the t o t a l  
o i l  y i e l d  on t h e  economics of HYTORT type  processes  do not appear t o  have been 
publ ished.  but it appears  t h a t  t h e  t h r e e  A u s t r a l i a n  sha le s  a r e  p a r t i c u l a r l y  
s u i t e d  t o  r e t o r t i n g  i n  high p res su re  hydrogen. 

( c )  E f f e c t  o f  P res su re  on O i l  Composition 

Although inc reased  o i l  y i e l d s  a r e  obviously important .  t h e  composition of 
t h e  o i l  is equa l ly  s i g n i f i c a n t  from the  viewpoint of t h e  subsequent hydro- 
t reatment  and r e f i n i n g  of t h e  crude product .  

I n c r e a s i n g  n i t r o g e n  p r e s s u r e  had no e f f e c t  on t h e  IH and 13C a r o m a t i c i t i e s  
of t h e  whole s h a l e  o i l s  (F igu re  4). but l a r g e  changes were observed with 
inc reas ing  hydrogen p res su re ,  p a r t i c u l a r l y  f o r  t h e  Mt Coolon and Nagoorin 
sha le s .  For example,  t h e  Nagoorin o i l  formed i n  6 MPa hydrogen had carbon and 
proton a r o m a t i c i t i e s  of 68  and 29% r e s p e c t i v e l y .  The d a t a  i n d i c a t e  t h a t  fo r  t he  
M t  Coolon and Nagoorin s h a l e s  a s u b s t a n t i a l  p a r t  of t h e  a d d i t i o n a l  o i l  formed i n  
t h e  presence of hydrogen is aromatic .  

Examination of t h e  whole o i l s  by gas  chromatography (GC) and gas 
chromatography/mass spec t romet ry  (CC/MS) showed ( F i g u r e  5 )  t h a t  phenol,  t he  
c r e s o l s  and d ime thy l / e thy l  phenols  were prominent components of t h e  o i l s  
r e t o r t e d  under h igh  p r e s s u r e  hydrogen from t h e  M t  Coolon and Nagoorin s h a l e s .  
These compounds a l s o  completely dominate t h e  I 3 C  NHR s p e c t r a  of these  o i l s  i n  
t h e  aromatic  r eg ion  b u t  were absent  i n  the o i l s  r e t o r t e d  from t h e  Rundle s h a l e  
i n  both n i t r o g e n  and hydrogen. 

Nitrogen had v i r t u a l l y  no e f f e c t  on t h e  y i e l d  of any of t he  var ious 
molecular groups determined by  p ro ton  NMR spec t roscopy  (F igu re  6 ) ,  ss was 
expected from t h e  absence of any co r re spond ing  e f f e c t  on the  t o t a l  o i l  y i e l d  
However. l a r g e  i n c r e a s e s  i n  the p ropor t ions  of p a r t i c u l a r l y  po lycyc l i c  aromatics 
were observed f o r  t h e  M t  Coolon and Nsgoorin s h a l e s  r e t o r t e d  i n  t h e  presence of 
hydrogen. Very much s m a l l e r  i n c r e a s e s  i n  the  r e l a t i v e  p ropor t ions  of these  
compounds were observed i n  o i l s  r e t o r t e d  from t h e  a l i p h a t i c  Rundle sha le .  

Taken t o g e t h e r ,  t h e  r e s u l t s  ob ta ined  f o r  t he  Nagoorin and M t  Coolon o i l s  
r e t o r t e d  under hydrogen suggest  t h a t  t h e s e  a r e  not normal s h a l e  oils, but  more 
Closely resemble coal-der ived l i q u i d s ,  no doubt r e f l e c t i n g  t h e  p a r t i a l  l i g n i t i c  
o r i g i n  of t hese  s h a l e s .  The r e s u l t s  a l s o  i n d i c a t e  t h a t  f o r  t h e s e  s h a l e s  i n  t h e  
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absence of hydrogen, a major coke forming process  involves  t h e  decomposition of 
aromatic  compounds, p a r t i c u l a r l y  phenols .  

An unusual a spec t  o f  t h e s e  r e s u l t s  is  t h e  l ack  of any e f f e c t s  of s h a l e  
composition and r e t o r t i n g  c o n d i t i o n s  on t h e  alkene y i e lds .  Proton NMR 
measurements showed t h a t  3.2% of t h e  protons i n  t h e  Rundle o i l  were p re sen t  as 
a lkenes ,  2.8% i n  Nagoorin o i l  and 2.4% i n  M t  Coolon o i l .  S i m i l a r l y ,  t h e  alkene 
con ten t  o f  Green River s h a l e  o i l  h a s  been r epor t ed  a s  3.1%(6). Furthermore,  
t h e  t o t a l  a lkene y i e l d  and t h e  r a t i o  of i n t e rna l . / t e rmina l  a lkenes  were not 
s i g n i f i c a n t l y  a f f e c t e d  by t h e  presence o f  high p res su re  hydrogen or n i t rogen .  
S imi l a r  r e s u l t s  have been r epor t ed  f o r  Green River  s h a l e ( 8 ) .  

A poss ib l e  sou rce  of a lkenes  is t h e  d i s p r o p o r t i o n a t i o n  of a lkane - f r ee  
r a d i c a l s  produced i n  t u r n  from t h e  primary decomposition of t h e  ke rogen( l4 ) .  
However, it is not  a t  a l l  c l e a r  why q u i t e  d i f f e r e n t  kerogens should g ive  
almost i d e n t i c a l  y i e l d s  o f  a lkenes .  F u r t h e r ,  i t  i s  d i f f i c u l t  to accep t  t h a t  a 
hydrogen p res su re  of 6 W a  does not reduce t h e  above d i s p r o p o r t i o n a t i o n  
r eac t ion .  and even hydrogenate  t h e  newly formed alkenes.  

(d )  Model f o r  Kerogen Decomposition 

Published models f o r  t he  decomposi t ion of kerogen(8-10) are based on work 
with Green River s h a l e  which is h i g h l y  a l i p h a t i c ,  produces an o i l  o f  low 
a r o m a t i c i t y  with a y i e l d  and composi t ion which are only marg ina l ly  a f f e c t e d  by 
hydrogen p res su re ,  and which thus g e n e r a l l y  resembles t h e  s h a l e  from t h e  Rundle 
depos i t .  Our work has  shown t h a t  t h e  aromatic  M t  Coolon and Nagoorin s h a l e s  can 
be r e t o r t e d  under c o n d i t i o n s  which g i v e  oils con ta in ing  l a r g e  amounts of phenols 
and po lycyc l i c  aromatics  and thus resemble coa l  p y r o l y s i s  l i q u i d s .  For these  
s h a l e s ,  t h e  r e a c t i o n s  of t h e  dominant aromatic  components of t h e  kerogen a r e  a t  
l e a s t  equa l ly  as, and p o s s i b l y  even more important  than those of t h e  a l i p h a t i c  
components, whose behaviour  dominates t h e  r e t o r t i n g  chemistry of s h a l e s  from 
Rundle o r  Green River.  For t h e s e  aromatic  s h a l e s ,  t he  fol lowing r e t o r t i n g  model 
is  proposed: 

The o rgan ic  m a t t e r  i n  t h e s e  s h a l e s  is  composed of m a t e r i a l  of a l g a l  
(predominantly a l i p h a t i c )  and l i g n i t i c  (predominant ly  a romat i c )  
o r i g i n .  Varying amounts of wax and m a t e r i a l  de r ived  from l e a f  
c u t i c l e s  may a l s o  be p re sen t  and,  f o r  t h e  M t  Coolon s h a l e ,  t h e s e  may 
be major components(l2).  

The a l i p h a t i c  components of t h e  o rgan ic  ma t t e r  decompose to  g ive  
l a r g e l y  a l i p h a t i c  p roduc t s .  As shown by t h e  work o f  Regtop e t  
a l . , ( l 5 )  some o f  t h e  a l i p h a t i c  o i l  may be converted to aromatics  by 
r e a c t i o n s  c a t a l y s e d  by t h e  spen t  s h a l e  s u r f a c e s .  The c o n t r i b u t i o n  of 
such r e a c t i o n s  to t h e  t o t a l  aromatic  y i e l d  must however be small 
because of t h e  ve ry  s h o r t  r e s idence  times. 

The aromatic  components of t h e  s h a l e  o rgan ic  ma t t e r  decompose to 
aromatic  and r e a c t i v e  products  which, under normal r e t o r t i n g  
cond i t ions ,  r a p i d l y  decompose t o  g ive  coke and gas.  Under c e r t a i n  
c i rcumstances,  e.g. h igh  p r e s s u r e  hydrogen or very s h o r t  r e s idence  
t imes,  t h e s e  compounds s u r v i v e  and appear i n  the  o i l  a s  phenols  and 
o t h e r  aromatic  compounds. The decomposition of t hese  compounds du r ing  
normal r e t o r t i n g  s e r v e s  as  a pre l imina ry  clean-up of t h e  o i l ,  at t h e  
expense of t h e  o rgan ic  carbon conversion.  

The coke formed dur ing  p y r o l y s i s  of t h e  aromatic  s h a l e s  can undergo 
f u r t h e r  a r o m a t i s a t i o n  r e a c t i o n s ,  as is shown by the  loss of hydrogen 
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and methane a t  temperatures  s i g n i f i c a n t l y  h ighe r  than those normally 
r e q u i r e d  f o r  r e t o r t i n g ( l 6 ) .  
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TABLE 1 
PROPERTIESOIL SHALE 

F i s c h e r  Assay (wt % d r y  s h a l e )  
Organic carbon i n  cha r  (%)  
Conversion of o rgan ic  carbon 
to o i l  ( X I  

€4 

PROPERTY 

ANALYSIS 

Weight loas on dry ing  ( X )  
Inorganic  carbon (%) 
Organic carbon (%) 
Hydrogen ( X )  
Nitrogen ( I )  
Sulphur ( X )  
H/C r a t i o  
1 3 ~  ~ r o m a t i c i t y  

I RETORTING 

RUNDLE MT COOLON NACOORIN 

10 
0.89 

13.9 
2.1 
0.4 
0.6 
1.84 
0.20 

a Based on d r y  eha le .  

I f :::E Y S  RUNDLE 

2 - 
0 0  

PRESSURE 1MP.l 

50 

45.9 
4.3 
0.4 
3.1 
1.12 
0.33 

- 25 
0.14 

44.8 
3.1 
2.1 
1.5 
0.81 
0.48 

FIGURE 1. E f f e c t  of p re s su re  on oil y i e l d s  
o n i t rogen ,  o hydrogen 
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FIGURE 2 .  Effect  of pressure on organic 
carbon d i s t r i b u t i o n s  
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+- 

FIGURE 3.  Comparison of rhe e f f e c t s  of hydrogen 
preseure on o i l  y i e l d s .  
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NAG00RIN 

N1 COO LON 

RUNDLE 

0 

NAGOORIN 

M I C r n L O N  
L O  

R U N D L E  

Pr.uuro wP.i  

l o  N l l R O G E N  1 

--- NAGOORIN 

' MI COOLON 

RUNDLE 

F I G U R E  4 Effec t  o f  re tor t ing  pressure on 
carbon and proton aromat ic i t i e s .  

F I G U R E  5. Total ion 
chromatograms o f  whole o i l s  

retorted i n  hydrogen and 
nitrogen. 

1 phenol 
2 o-cresol 
3 mhp creso l  
4 6 5 

6 napthalene 
7 pristenes 

dimethyl and e thy l  
phenols 
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